(19) 



Europaisches Patentamt 
European Patent Office 
Office europeen des brevets 




(12) 



(id EP 1 164 724 A2 

EUROPEAN PATENT APPLICATION 



\^OJ L/'cut? Ol pUJJllOdUUn . 


(51) intCI 7 : nU4b lU/lo 


1 q 1 9 9nm Ri i n^tin ?nm /m 


19\ \ Annlir^tinn niimhar- H1 ^HZLftfil fi 

l I J A\U|J I lL.cn LIU i i I IUII IUcI , U 1 OU^rOO 1 .O 




(99) Hatp nf fiiinrr 04 ftfi 9001 




(84) Designated Contracting States: 


(72) Inventor: Madsen, Christi Kay 


AT BE CH CY DE DK ES Fl FR GB GR IE IT LI LU 


South Plainfield, New Jersex 07080 (US) 


MC NL PT SE TR 




Designated Extension States: 


(74) Representative: 


AL LT LV MK RO SI 


Watts, Christopher Malcolm Kelway, Dr. et al 




Lucent Technologies NS UK Limited, 5 


(30) Priority: 13.06.2000 US 211149 P 


Mornington Road 


04.05.2001 US 825691 


Woodford Green Essex, IG8 0TU (GB) 


(71) Applicant: LUCENT TECHNOLOGIES INC. 




Murray Hill, New Jersey 07974-0636 (US) 





(54) Polarization mode dispersion compensator for optical fiber communication systems 



(57) A polarization mode dispersion compensator 
splits aft-optical signal splits an optical signal into two 
optical signals. A first optical path provides polarization 
rotation of one of the two optical signals. The two optical 



signals are filtered by_ a combination of all pass filters and 
at least one 2x2 coupler. A second optical path then pro- 
vides polarization rotation of the other of the two optical 
signals before the two optical signals are combined. 
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Description 

FIELD OF THE INVENTION 

[0001] This invention relates to optical fiber communication systems and, in particular to a filter for compensating 
polarization mode dispersion in such systems, ? 

BACKGROUND OF THE INVENTION 

[0002] Optical fiber communication systems are beginning to achieve their great potential for the rapid transmission 
of vast amounts of information. In essence, an optical fiber system comprises a light source, a modulator for impressing 
information on the light, an optical fiber transmission line for carrying the optical signal and a receiver for detecting the 
signals and demodulating the information they carry. Increasingly the optical signals are wavelength division multiplexed 
("WDM") signals, comprising a plurality of distinct wavelength signal channels. 

[0003] Polarization mode dispersion ("PMD") is a significant problem in high bit rate transmission over long distances 
in optical fiber. PMD is caused by small irregularities in the shape or stress of the optical fiber core. Distortion created 
by irregularities in the shape of the optical fiber cable and its core. Stress or core asymmetries cause the incoming 
light to travel at a different speed depending on the orientation of its electric field, or polarization. Since the fiber does 
not preserve the polarization, an incoming pulse will suffer dispersion due to traveling in different polarization states 
and coupling between polarization states. The consequence is that the two portions arrive at slightly different times 
(picoseconds apart) : distorting the pulse and increasing the bit error rate ("BER"). PMD thus limits the bit rate and 
transmission distance in optical fiber. 

[0004] Accordingly there is a need to provide compensation for PMD in a high-speed optical fiber. 
SUMMARY OF THE INVENTION 

[0005] In accordance with the invention, a polarization mode dispersion compensator splits an optical signal into two 
. optical signals: A f irst optical path provides polarization rotation of one of the two optical signals. The two optical signals 
"are filtered by a combination of allpass filters and at least one 2x2 coupler. A -second optical path t rTen provides polar- 
ization rotation of the other of the two optical signals before the two optical signals are combined. 

BRIEF DESCRIPTION OF THE DRAWINGS 

,[0006] A more complete understanding of the advantages, nature and various additional features of the present 
'invention may be obtained from consideration of the following description in conjunction with 'the drawings in which: 

Fig. 1a is a schematic representation of the present invention PMD compensator; 
Fig. 1b is a schematic representation of an exemplary APF/coupler stage; 
Fig. 1c is a schematic representation of of an exemplary embodiment of a 2x2 tunable coupler; 
Fig. 1d is a schematic representation of an exemplary embodiment of a 2x2 coupler polarization controller; 
Fig. 1 e-1 g are schematic representations of various elements of which a typical APF may consist; 
Fig. 2 is a schematic representation of single-stage tunable allpass filters (APF) with a tunable coupler; 
Fig. 3 is a schematic representation of single-stage tunable allpass filters (APF) with a Mach-Zehnder interferom- 
eter; 

Fig. 4 is a two-stage FIR; 

Fig. 5 is a four-stage IIR 2x2 filters; 

Fig. 6 is an exemplary filter using two-stage APFs for each polarization followed by a two-stage 2x2 FIR filter; and, 
Fig. 7 is an exemplary APF/coupler, 

[0007] It is to be understood that these drawings are for illustrating the concepts and are not necessarily to scale. 

DETAILED DESCRIPTION OF VARIOUS ILLUSTRATIVE EMBODIMENTS 

[0008] Compensation of PMD distortion is critical for high bit rate optical communication systems. Ideally, compen- 
sation should be performed with as few filter stages and control signals as possible, thereby minimizing the complexity 
of the device, optimization time for the control algorithm, and overall device cost. 

[0009] The PMD of a transmission fiber varies in time, so an adaptive filter whose parameters can be varied in 
response to one or more feedback signals is advantageous. An architecture is evaluated that consists of two filter 
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sections: one section compensates polarization-dependent delay and chromatic dispersion while the second section 
compensates frequency-dependent coupling between polarizations. 

[001 0] The present invention PMD conpensator splits an optical signal into two optical signals. After being processed 
by the combination of allpass filters and 2x2 couplers, the second optical path then provides polarization rotation of 
the other of the two optical signals before the two optical signals are combined. 

[0011] Referring to Fig. 1a : there is shown a schematic block diagram of the PMD compensator 100. The input signal 
is optically coupled to a polarization beam splitter ("PBS") 102. A first output of the PBS 102 is optically coupied to a 
first allpass filter ("APR) 1 04. A second output of the PBS 1 02 is optically coupled to a first half-wave plate 1 06, which 
provides a 90 degree polarization rotation of the optical signal, The output of the first half-wave plate 106 is optically 
coupled to a second APF 108. The output of the first APF 104 and the output of the second APF 108 are optically 
coupled to a 2x2 filter 1 1 0. A first output of the 2x2 filter 1 1 0 is optically coupled to a second half-wave plate 1 1 2 : which 
provides a 90 degree polarization rotation of the optical signal. The output of the second half-wave plate 112 and a 
second output of the 2x2 filter 1 1 0 are optically coupled to a polarization beam combiner ("PBC") 114. The first APF 
104 and the second APF 108 compensate the delay and chromatic dispersion for each orthogonal polarization while 
the 2x2 filter 110 approximates the desired power complementary magnitude responses. ARF 104, APF 108 and 2x2 
coupler 110 are representative of one embodiment of an ARF/coupler stage 116. The APF/coupler stage 116 may 
equally well be implemented in the reverse order shown in Fig. lb with the 2x2 coupler 110 proceeding the first APF 
104 and the second APF 108, as well as by other combinations of APFs and 2x2 couplers. 

[0012] Referring to Fig. 1c there is shown a schematic representation of an exemplary embodiment of a 2x2 tunable 
coupler The 2x2 coupler 128 has two inputs 130 and two outputs 132 and exchanges power between the two inputs. 
One way that the 2x2 tunable coupler 128 may be implemented is by changing the coupling strength in the coupling 
region of a direction coupler or by using a symmetric Mach-Zehnder with a phase shifter in one or both arms. The 
coupling strength may be changed by thermo or electro-optical functions. 

[0013] Referring to Fig. 1 d there is shown a schematic representation of an exemplary embodiment of a 2x2 coupler 
polarization controller. The 2x2 coupler polarization controller 1 34 comprises a tunable coupler 1 36 and a phase shifter 
138. 

[0014] Referring to Figs. 1e-1g therG are shown various elements of which a typical APF may consist. APFs may 
consist of one or more.. of the following elements: a fixed delay 140; a variable delay 150; or a frequency-dependent 

allpass filter. 1 60. containing at least one feedback path 1 62. ~ •• ~ . 

[0015] A lossless APF has a transfer function of the form /4(o>) = e/'^N, and a delay defined by t(cq) - — (oj) .The 
transfer matrix of the allpass section is denoted by 



d(0 



e J®M o 



In addition to the PMD phase response, the APFs can also compensate any undesired phase introduced by the H(co) 
filter. 

[0016] Fig. 2 is a schematic representation of a single-stage tunable APF with a tunable coupler. The single stage 
tunable APF with a tunable coupler 200 is an exemplary embodiment of an APF in the PMD compensator 1 00 shown 
in Fig. 1 a. The APF comprises an optical waveguide 202 coupled to a waveguiding optical ring resonator 204 by coupler 
206. The waveguiding optical ring resonator 204 is provided with a phase-shifter 208. The phase-shifter 208 is typically 
a localized heater, which change the refractive index of the optical path. 

[0017] Fig. 3 is a schematic representation of single-stage tunable APF with a Mach-Zehnder interferometer. The 
single-stage tunable APF with a Mach-Zehnder interferometer 300 is an exemplary embodiment of an alternative APF 
in the PMD compensator 100 shown in Fig. 1a. An optical waveguide 302 is coupled to a co-planar ring resonator 304 
by two couplers 306 and 308. The segment of waveguide 302 between the couplers 306 and 308 and the adjacent 
portion of the resonator 304 form a Mach-Zehnder interferometer ("MZI") 310, A first phase-shifter 31 2 in the waveguide 
and a second phase-shifter 31 4 in the resonator can be used to tune the APF 

[0018] A light pulse traveling in the waveguide 302 couples in part to the resonator 304. After transit around the 
resonator the light couples back to the waveguide 302. Interference between the light from the resonator 304 and light 
transmitted on the waveguide 302 produces a frequency dependent time delay that compensates dispersion. The 
response of the device is periodic in frequency, and the period is calied the free spectral range ("FSR"). 
[001 9] Performance of the APF depends on the resonator optical pathway and the strength of coupling between the 
resonator and the waveguide. The resonator pathlength determines the FSR of the device, and the coupling strength 
determines the maximum group deiay and the bandwidth of the delay. Controlling the phase-shifters 312, 314 permits 
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tuning of the APR The phase-shifters 312, 314 are typically localized heaters, which change the refractive index of the 
optical path. Control of the second phase-shifter 314 permits tuning of the resonator pathlength and hence the FSR. 
Control of the first phase-shifter 312 permits tuning of the phase difference between the waveguide arm and the res- 
onator arm of the MZI. This tuning in turn, changes the coupling strength and thereby tunes the group delay and 
bandwidth. 

[0020] For H(a)) ! there are two classes of 2x2 filters with power complementary outputs: FIR and II R. The architectures 
are general in the sense that any magnitude response can be approximated arbitrarily closely by increasing the number 
of filter stages. Referring to Fig. 4 there is shown a completely tunable 2x2 FIR filter 400, which is an exemplary 
embodiment of t*e 2x2 coupler 110 shown in Fig. 1a. The 2x2 FIR filter 400 consists of coupled symmetric Mach- 
Zehnder interferometers (MZIs) 402 and asymmetric MZIs 404. The FIR filter 400 has a transfer matrix identical to Eq. 
2 below. For an N-stage FIR filter, there are 2N+1 phase shifters and 2 N ways to implement a particular magnitude 
response. Each solution has a different phase response : characterized as minimum-phase, maximum-phase or mixed- 
phase. Depending on the particular solution, the FIR filter's phase response can either improve or exacerbate the 
overall phase compensation. 

[0021] While there are multiple general ilR architectures, consider the II R architecture shown in Fig. 5 is yet another 
embodiment of the 2x2 coupler 110 shown in Fig. 1 . A four-stage MR 2x2 filter 500 is comprised of four APFs 502 and 
two couplers 504. This architecture has the unique property that the bar and cross-ports have the same phase response; 
so, <J> g (g)) = <l> H (to) in Eq. 2 below. For a filter containing N APFs, each transfer function contains N poles and N zeros, 
in the lossless case, the zeros produce a linear-phase response, so the filter dispersion comes only from the poles. 



PMD Compensation 



[0022] The frequency response of a transmission fiber with PMD and length L is given by a 2x2 transfer matrix T(o) 
= e^M+^Ml^Mfco), where the polarization-dependence is described by the Jones matrix 



M(*>) = 



u(co) -V(<y) 
v[o)) u{a>) 



The analysis is simplified by assuming that the fiber has negligible polarization dependent loss so that M(co) is a unitary 
matrix. In addition, it is assumed that the loss a(o>) and propagation constant P(.o>) are compensated elsewhere. To 
compensate all orders of PMD, a filter response- that approximates the inverse Jones matrix is...needed. The unitary 
property of M(co)- \u(a>)\ 2 * lv(t£>)l 2 - 1 , is applied to obtain the inverse - — ~ - - 



u(a>) '■ v (g>) 



U{o))e 



V{a))e 
U(o>)< 



(i) 



Two orthogonal principal states of polarization (PSPs) ; which are frequency-independent to first-order, are defined by 
the eigenvectors of M" 1 — . First-order PMD is the difference in group delay between the PSPs, called the differential 
group delay ("DGD"). Hi^fter-order PMD is associated with the frequency-dependence of the PSPs and DGD. 
[0023] For PMD compensation, consider an overall filter response with two inputs and two outputs. 



F(a>) = 



\g(a>) -h'{a>) 
h(eo) g'(e>)_ 



G(a>y ttlm) 



-H{co)t 
G(co)e 



(2) 



For the filter transfer matrix to be unitary, the filter must be lossless. The overall filter response is designed to approx- 
imate the inverse Jones matrix so that 



4 
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¥(G>)M(a>)*te~ J " T < J 

5 

where T d is an arbitrary delay. Other criteria may be chosen, such as 



F(<i>)M(a>) * e** 



or Nyquist's first criterion for zero intersymbol interference. 

15 [0024] The compensating responses may be realized in a single or multiple filter sections, where coherent interfer- 
ence occurs within each section. By minimizing the number of stages in a section, the sensitivity of the filter response 
to variations in the filter parameters is reduced. The magnitude and phase requirements are handled by separate filter 
sections and minimize the filter order of each section. Let M(co)- 1 ~ H(co)D(co) where H(co) approximates the desired 
magniLude and D(co) approximates the desired phase. APFs ( which allow a particular phase response to be approxi- 

20 mated without changing the magnitude response, are used to realize D(eo). APFs provide large delays due to their 
infinite impulse response; however, the bandwidth over which the delay is approximately constant decreases as the 
delay increases. Fortunately, the same trend occurs for PMD : where the bandwidth over which the PSPs remain nearly 
constant decreases as the fiber mean DGD increases. 

[0025] In general, MR filters approximate bandpass responses quite efficiently. Thus, high DGD fibers with sharp, 
25 bandpass features in the magnitude response can be compensated by II R filters with fewer stages than required for 
FIR filters. Forsmooth features or nulls in the magnitude response, low-order FIR filters produce good approximations. 
Choosing the condition 

2Q ■ • • ■ 

the desired filter. responses to be. approximated over the channel passband are G(co)~ : V(a)), H{(o)~U((d), O^oJ-coT^. 
;ou 35 „ &u(co)-<I> H (a>) and ^(coj-toT^rO^o^+O^o^. Aigorithms relating the frequency response to- the filter parameters are 
available for each filter type. 

[0026] To provide insight into PMD compensation with low-order optical filters, filters were tested using Monte Carlo 
simulations of fiber PMD. This identifies relevant properties that impact PMD compensating filter design. A transmission 
fiber with a, mean DGD of 1 8 ps was simulated by cascading 1000 randomly oriented, linearly birefringent sections 

40 with a norma! distribution of DGDs. The Jones matrix was calculated over a 200 GHz spectrum centered around 1 550 
..nm, using 1.25 GHz step sizes. The Jones matrix was multiplied by its inverse eigenvector matrix, consisting of the 
PSPs calculated at the center wavelength, so that the principal states were input to the compensating filter. When the 
DGD of the birefringent sections is increased, the frequency response has more local extrema over a given bandwidth; 
thus, more filter stages are required to meet the same approximation criterion. A 40 Gb/s NRZ signal modulated by a 

45 PRBS of length 2 5 -1 is used as an input signal. The eye diagrams are normalized to the same peak power, a/id $n 

optimal sampling time and threshold are determined for each diagram. The eye opening is quantified by Q ^ — - 

wherethe m and <y are the mean and standard deviation of the t's and O's rail at the optimum sampling point Ass^drfiiRg 
Gaussian noise statistics, the Q value is related to the bit error rate (BER). 

[0027] For simplicity, the filters are assumed to have a periodic frequency response. A period of 1 00 GHz was chosen, 
50 and the filter parameters were optimized to obtain the maximum Q. 

[0028] Referring to Fig. 6 there is shown an exemplary embodiment of the PMD compensator 100 shown in Fig. 1a. 
The PMD compensator 600 uses an APF/coupler stage 618 which comprises two-stage APFs for each polarization 
followed by a two-stage 2x2 coupler, where H(oo) is a two-stage FIR filter and D(g>) is composed of a two-stage APF 
for each polarization. To simplify the APF design, a variable delay line 602 was incorporated to set T d . The post- 
55 compensation delay is constant across the passband for both polarizations, as desired. The input signal is optically 
coupled to a PBS 604. A first output of the PBS 604 is optically coupled to the variable delay line 602. A second output 
of the PBS 604 is optically coupled to a first half-wave plate 606, which provides a 90 degree polarization rotation of 
the optical signal. The output of variable deiay line 602 is optically coupled to a first two-stage APF 608. The output of 
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the first half-wave plate 606 is optically coupled to a second two-stage APF 610. The output of the first two-stage APF 
608 and the output of the second two-stage APF 610 are optically coupled to a 2x2 filter 612. A first output of the 2x2 
filter 612 is optically coupled to a second half-wave plate 614, which provides a 90 degree polarization rotation of the 
optical signal. The output of the second half-wave plate 614 and a second output of the 2x2 filter 612 are optically 
5 coupled to a PBC 616. The first two-stage APF 608 and the second two-stage APF 610 compensate the delay and 
chromatic dispersion for each orthogonal polarization while the 2x2 filter 61 2 approximates the desired power comple- 
mentary magnitude responses. 

[0029] Referring to Fig. 7 there is shown another exemplary embodiment of the APF/coupler stage 1 1 6 of the PMD 
compensator 100 shown in Fig. 1a. 
10 [0030] In view of the foregoing description., numerous modifications and alternative embodiments of the invention 
will be apparent to those skilled in the art. Accordingly, this description is to be construed as illustrative only and is for 
the purpose of teaching those skilled in the art the best mode of carrying out the invention. Details of the structure may 
be varied substantially without departing from the invention as defined in the claims. 



Claims 

1 . A polarization mode dispersion compensator comprising; 

a polarization beam splitter having a first output and a second output; 
a first allpass filter optically coupled to the first output of the polarization beam splitter; 
a first polarization rotation device optically coupled to the second output of the polarization beam splitter; 
a second allpass filter optically coupled to the output of the first polarization rotation device: 
a 2x2 filter optically coupled to the output of the first allpass filter and the output of the second allpass filter; 
a second polarization rotation device optically coupled to a first output of the 2x2 filter; and ; 
a polarization beam combiner optically coupled to an output of the second polarization rotation device and a 
second output of the 2x2 filter. 

Tfre polarization mode dispersion compensator as recited in claim 1 wherein the 2x2 filter is comprised of coupled 
symmetric- Mach-Zehnder interferometers and coupled asymmetric Mach-Zehnder interferometers. 

The polarization mode dispersion compensator as recited in claim 1 wherein the 2x2 f ilter is comprised. of N allpass - • 
filters. - •= - — • ■ • ■■ .. -.. 

The polarization mode dispersion compensator as recited in claim 3 wherein N is 4; • - ■■■ - — •• 

The polarization mode dispersion compensator as recited in claim 1 wherein the 2x2 filter is tunable. 

The polarization mode dispersion compensator as recited in claim 1 wherein the 2x2 filter approximates desired 
power complementary magnitude responses. 

The polarization mode dispersion compensator as recited in claim 1 wherein the fist allpass filter and the second 
allpass filter compensate delay and chromatic dispersion for each orthogonal polarization. 

The polarization mode dispersion compensator as recited in claim 1 wherein the first polarization rotation device 
provides 90 degree polarization rotation and thesecond polarization rotation device provides 90 degree polarization 
rotation. 

The polarization mode dispersion compensator as recited in claim 1 wherein the first polarization rotation device 
comprises a half-wave plate. 

10. The polarization mode dispersion compensator as recited in claim 1 wherein the second polarization rotation device 
comprises a half-wave plate. 

55 11. A method for polarization mode dispersion compensation comprising the steps of: 

splitting an optical signal into two optical signals; 

providing polarization rotation of one of the two optical signals: 
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filtering the two optica! signals with ailpass filters; 
processing the two optical signals with a 2x2 filter; 
providing polarization rotation of another of the two optical signals; and : 
combining the two optical signals. 

12. The method as recited in claim 11 wherein the 2x2 filter is comprised of coupled symmetric Mach-Zehnder inter- 
ferometers and coupled asymmetric Mach-Zehnder interferometers. 

13. The method as recited in claim 11 wherein the 2x2 filter is comprised of N ailpass filters. 

14. The method as recited in claim 13 wherein N is 4. 

15. The method as recited in claim 11 wherein the step of processing the two optical signals is tunable, 

15 16. The method as recited in claim 11 wherein the step of processing the two optical signals approximates desired 
power complementary magnitude responses. 

17. The method as recited in claim 11 wherein the step of filtering the two optical signals compensates for delay and 
chromatic dispersion for each orthogonal polarization. 



10 
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18. The method as recited in claim 1 1 wherein the steps of providing polarization rotation provide 90 degree polarization 
rotation. 

19. The method as recited in claim 1 wherein the steps of providing polarization rotation utilize a half-wave plate. 
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FIG. 1A 
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FIG. 1C 
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FIG. 2 FIG. 3 
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FIG. 5 
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